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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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CHAPTER 1

INTRODUCTION

Thermo Electron Corporation, in the performance of Contract
AT(30-1)- 3434, "Evaluation of Cermet Fuels with Rhenium Emitters,"
sponsored by the Atomic Energy Commission, carried out an in-pile

test of a thermionic diode, SD-4.

Thermo Electron Corporation designed and fabricated the thermi-
onic diode and the in-pile capsule. Battelle Memorial Institute, as a
subcontractor, fabricated the fueled emitter, carried out the in-pile

testing, and performed the hot cell examination.

The test consisted of a cylindrical thermionic converter with a
rhenium emitter fueled with a cermet of UOZ=W. The external environ-
ment of the converter was a static vacuum formed by an initial pump-out
and seal-off of a stainless steel housing. The test operated in-pile
for 8125 hours over a period of about two years. More than 80 cycles
between shutdown and full power occurred during this period. The
average electrode power density throughout the test lifetime was
7.8 watts/cmzn For fixed reference levels of reactor power, cesium
pressure, and collector temperature, the diode performance was stable
throughout the life of the test. The test was terminated when difficulties
occurred in auxiliary heaters and coolant systems causing a loss of con-
trol of the cesium reservoir temperature. A complete hot cell examina-

tion of the diode was performed following the in-pile test.
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CHAPTER 2.
"IODE DESIGN AND FABRICATION

The diode design used in the in-pile program (Figure 2. 1) permits
either out-of-pile testing with electrical heating or in-pile testing
with fission heating. The basic design philosophy is to allow complete
testing of the diode out-of-pile with only minor modifications necessary
for testing in-pile. The design includes provisions for independent
control of emitter, collector, and cesium reservoir temperatures.
In addition, the collectcor cooling arrangement permits an accurate
calorimetric measurement to be made of total heat rejected. Thus a
reliable estimate of converter efficiency can be obtained during both
out-of-pile and in-pile testing. In Table 2.1, a summary of the

converter design parameters is presented.

The cermet fuel is in a heollow, cylindrical shape and is clad
internally with tungsten and externally with rhenium. Fabrication of
the fuel emitter performed by BMI is fully described in Appendix A.
The purpose of the internal clad is to suppress evaporation of the
uranium contained in the cermet. By preventing this evaporation,
loss of fuel is minimized and the stability of electron bombardment
heating i1s greatly improved. Thermocouple holes at three axial
locations in the fuel annulus are provided to obtain an axial temper-
ature profile of the fueled emitter during cut-of-pile testing. The
rhenium external clad on the fuel also acts as the emitter. This clad
has an extension approximately 0 4 inch longer than the fueled length,
which serves as the "optimized lead " The extension is joined to a
molybdenum support ring which, in turn, is joined to one of the niobium
seal flanges. The other end of the rhenium emitter has a small diameter
pin which fits into an insulated hole in the collector bottom. This pin

provides additional support and alignment for operation and for any shock

10
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TABLE 2.1

SUMMARY OF SD-4 DESIGN PARAMETERS

Fuel Form:

Type Cermet
Fuel vo.,
Diluent W
Loading, vol. % UO, 80
Density, % 95
Geometry Annular
Thickness, inches 0.080
Inner Clad W
Emitter:
Material Rhenium
Thickness, inches 0.018
Surface Condition Treated
Diameter, inches 0.500
Length, inches 1.500
Area, cm® 15
Diode Structure:
Insulator Al;04
Flanges Nb
Collector Nb (Mo coated)
Cesium Reservoir Ni
Emitter Support Mo

Exterior Environment

Vacuum (~10 microns)

12
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and vibration which might occur during shipping and handling.

Inside the inner tungsten liner of the fuel is a cavity to permit
electron-bombardment heating of the fueled emitter. The electron-
bombardment gun which occupies this cavity during out-of-pile testing
consists of a helical filament attached to a massive central rod for
alignment. The gun includes electrical insulators and its own radiator
to dissipate heat conducted out of the cavity. After electrical testing
is completed, the gun is removed and the "closure plug" is welded as
shown in Figure 2. 1. In making this weld, no other part of the diode
structure is heated, thus eliminating any temperature effect on the
rest of the structure. This is a key aspect of the design because it
insures that a valid comparison can be made of in-pile to out-of-pile
diode behavior. If the converter were thermally cycled or otherwise
affected during this operation, the cause of any change in behavior

could not be reliably determined

At a radial gap of about 0. 010 inch from the emitter, there is a
cylindrical collector made of massive niobium. The collector is joined
at one end to one of the niobium seal flanges and, at the other end, to
the bottom collector plug. Sheathed heaters are imbedded in the
outside surface of the ccllectcr. A niobium tube covers these heater
wires and provides a smcoth surface for the "heat choke” fins, which
maintain the difference between the collector temperature and the
water coolant temperature. These fins are made of niobium and are
joined on their outside surface tc awater-cooling jacket also made of
niobium. The combinations of the heater wires with the heat choke fins
constitutes the collector temperature control scheme. Since this entire
structure is brazed together, accurate prediction and control of collector

temperature is possible. The thickness of the collector was selected as a

13
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compromise between the space available in the in-pile test hole (2. 75
inches) and the temperature uniformity of the collector. Three holes
are provided in the collector walls for sheathed thermocouples to

obtain a measurement of the axial temperature variation.

The cesium reservoir tubulation is joined to the bottom collector
plug and communicates with the diode through slanted holes in the
bottom plug. At the other end of the tubulation, there is a cesium
reservoir chamber. The design of this chamber prevents liquid
cesium from spilling into the diode regardless of its inclination. Thus,
during disassembly in the hot cell, all cesium can be removed from the
converter by cutting off the cesium reservoir; therefore, no con-
tamination of the diode interior with cesium oxide need occur.
Sheathed heater wire is brazed to the reservoir, and copper straps are
connected from the reservoir to the water cooling jacket surrounding
the collector. This combination of heater wire and cooling straps
permits control of the cesium reservoir temperature despite the

uncertainties in gamma heating rates.

The main diode insulator seal is of the SET" type of construction
and consists of niobium flanges brazed to alumina rings. The emitter
current leads are connected to the emitter support ring with threaded
screws. The collector current leads are connected to a flange on the
outside coolant jacket with threaded rods held by nuts. Inlet and
outlet water tubes are brazed at the top end of the coolant jacket,

which contains a double thread for water flow.

Figures 2.1 through 2. 12 show photographs of the diode during

various stages of construction.

14
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Figure 2.2. Collector
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Figure 2.3. Heat Choke Fins
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Figure 2.4. Water Coolant Jacket
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Figure 2.5. Outer Coolant Container
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Figure 2.6. Assembly of Diode Components
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Figure 2.7. Outer Coolant Assembly
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Figure 2.8 Main Diode Insulator Assembly
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Figure 2.9. Electron Bombardment Heater
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Figure 2.10. Final Subassembly of Diode SD-4
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Figure 2.11. Final Subassembly of Diode SD-4
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Figure 2.12.

Final Assembled Converter
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CHAPTER 3
IN-PILE CAPSULE DESIGN AND FABRICATION

A. DESIGN

The detailed design of the capsule assembly is shown in Figures
3.1 and 3.2. The diode was inside a stainless steel "housing tube"
which was evacuated and sealed off after assembly. The vacuum
environment protected the exposed refractory metals from oxidation
during high temperature operation and provided the insulating effect
necessary for accurate calorimetric measurements of diode efficiency.
The diode was positioned radially within the tube by a "ceramic spacer
disk" which was bolted to the collector current flange. Axial positioning
was maintained by the two solid cylindrical collector current leads,
also attached to the collector current flange. These leads extended
upward for about three inches and were joined at that point to a
thicker single rod. This rod extended upward about six feet more and
was brazed into the vacuum seal plate. Thus, the diode was axially

supported from the vacuum seal plate through the collector current leads.

The emitter current leads were cables flexibly attached to the
emitter plug on the diode. The emitter leads were coaxial sheathed
wire. The sheath was electrically insulated by compacted MGO, but
was swaged in close thermal contact with the emitter lead. Lead
cooling (to within approximately 2 inches of the emitter lead con-
nection to the diode) was provided by attaching the collector water
lines directly to the sheath. The temperature difference between the
diode connection and the water-cooled lead was established along
flexible copper straps. These straps provided thermal stree relief

for the differential expansion of the collector and emitter leads.
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Auxiliary heater leads and thermocouple leads were also made
through swaged sheath leads to simplify assembly procedures and to
reduce the operating temperature of the leads. These leads were
heated primarily by gamma heating. The gamma heat was radiated
from the surface of the sheaths to the water-cooled capsule wall. The

required radiating temperature of the sheaths was reduced by

increasing the emissivity of the sheath surface. High surface
emissivities were obtained by establishing a thin oxide coating on

the sheaths prior to installation in the capsule assembly. Since each
lead was electrically insulated from its surrounding sheath, the need
for the ceramic spacer disks was eliminated. The numerous heater
and thermocouple leads were positioned within the capsule by stainless

steel spacers.

After passing through the top spacer disk, the leads penetrated
the vacuum seal plate which was the final closure of the evacuated
housing tube. This plate contained leadthroughs for the emitter current
and voltage leads, for the heater leads, and for all thermocouple leads
Since the collector was maintained at ground potential, the collector
leads and water coolant lines were brazed directly to the vacuum

seal plate.

A gamma-heated zirconium getter located at the bottom of the
capsule was designed to consume the outgas expected to occur from
all heated components within the capsule. The bottom of the getter was
brazed to the bottom of the capsule to provide adequate cooling for the
getter. Gamma heat in the getter was transferred along the length of
getter, through the bottom of the capsule, and into the surrounding

water. The top of the getter was desi gned to operate at about 900°C,

27
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and the bottom of the getter about 100°C. The variation in temper-
ature along the entire getter insured that portions of the getter
operated at the correct temperature for selective gettering of different
gases. Two getter temperatures are particularly important. Gettering
0of Og, Nz, CO and CO;eccurred primarily in a temperature range from

600 to 800°C. Hydrogen was gettered most copiously at about 300°C.

Above the housing tube was the offset connection chamber which
was joined to the capsule lead tube. The capsule lead tube contained
all the leads leaving the housing tube and extended approximately twenty-
five feet up to the top of the reactor pool. The inside of the lead tube
was dry, and was filled with helium gas during in-pile operation. The
offset connection chamber prevented streaming of neutrons from the
core to the top of the pool and provided a convenient arrangement for
connecting the leads from the housing tube to the capsule lead tube
At the top of the lead tube provision was made for connecting all the
in-pile leads to the instrumentation and test setup located on the reactor

working floor
B. ASSEMBLY

The assembly of SD-4 into the in-pile capsule was accomplished
without encountering any significant problems. Figure 3. 3 shows a
side view of the lower section of the capsule, the section which is
partially within the reactor core. This section, approximately 7 feet
long, was evacuated after its outer stainless steel tube was placed
over it and welded. The long sheathed heater, thermocouple, and
voltage leads are visible in the picture. At the bottom end, the
terminal disk which connects the sheathed leads to the converter leads

is visible. Figures 3.4 and 3.5 show the connection region between

30
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Figure 3.3. In-Pile End of Lower Section of In-Pile Capsule
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Figure 3.4. Connection between Upper and Lower Sections
of the In-Pile Capsule
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Figure 3.5. Connection between Upper and Lower Sections
of the In-Pile Capsule
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the lower section and the upper lead tube. All joints made in this
region were designed for easy disconnection to facilitate post-
irradiation handling. The penetrations made through the seal plate of
the lower section included two water lines, six heater leads, twenty
thermocouple leads, six voltage leads, the emitter and collector bus
bars, and an evacuation line. All connections were successfully made
and maintained during shipping and in-pile operation. Figures 3.6

and 3.7 show the in-pile end of the lower section. The exterior of the
water-cooling jacket, the cesium reservoir, and the diode lead-through
are visible inside the sheathed heater leads. The filament extending
from the bottom of the terminal disk is the heater intended to control
the temperature of the getter. This heater was the only part of the
capsule assembly which was not functioning after shipment to the BMI
reactor. Apparently, an open circuit developed at one of the connecting

terminals leading to the heater supports.

The outgassing of the lower section was carried out over a ten-day
period. The long lengths of sheathed leads evolved large volumes of gas
which necessitated long outgassing times. The exterior of the 2. 75-
inch pipe, housing the lower section, was wrapped with heaters. For
one week these heaters maintained the temperature of the pipe above
700°C. The internal temperatures ranged from 600°C to 20°C, the
temperature of the cooling water tubes. The adequacy of this out-
gassing procedure can be evaluated only by post-irradiation inspection
of the niobium components of the converter and by the performance of

the converter during in-pile operation.
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Figure 3.6. In-Pile End of Lower Section of In-Pile Capsule
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Figure 3.7. In-Pile End of Lower Section of In-Pile Capsule
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C. HAZARDS ANALYSIS

The detailed hazards analysis of the in-pile test assembly was

completed and reviewed by the Reactor Subcommittee of the Battelle

Radiological Safety Committee. Recommendations of the Subcommittee

were to delete the emitter thermocouples to provide more adequate

fission product primary containment and to substitute helium for argon

as the lead-out tube cover gas. These recommendations were followed

and the changes incorporated into the test unit

Reactor safety interlocks reflecting the operation of the diode in-

pile are as follows:

Ly

Coolant flow rate - Reactor scram at coolant flow rates

of less than 1/8 gpm;

Diode output current - An audible and visible alarm if
output current drops 25 amps below the normal operating
level and a reactor scram if the output current drops

50 amps below the normal operating level,

Temperature - Reactor scram when heat exchanger
temperatures rise to 175°C. Out-of -pile loss of coolant
information indicates that this temperature would indi-
cate a coolant loss and not cause damage to the diode.
This interlock serves primarily as a loss-of-coolant

back-up safety feature
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D. COOLANT SYSTEM

The coolant system design has been completed and is shown
schematically in Figure 3. 8. The system is closed and the surge
tank is purged with air to minimize possible gas buildup due to
radiolytic decomposition of the demineralized water  The anticipated
coolant flow rate is 0. 3 gpm. Approximately 7 gallons of water are

contained in the system

The pump is interlocked with the flow sensing switch tc shut down
2 seconds after a loss of low reactor scram  This is to prevent
filling the diode test section with water should a coolant leak develop

within the test section.
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CHAPTER 4
DIODE TESTING

A. SUMMARY

Converter SD-4 has been operated for 100 hours out-of-pile and
about 8125 hours in-pile. The results obtained during most of the test
period are summarized in Figure 4. 1, which displays power input,
power output, efficiency, cesium reservoir temperature, and collector
temperature. The points shown represent the data recorded at periodic
intervals by the reactor operating technicians. In general, the cesium
reservoir and collector temperatures were maintained near optimum
levels. However, day-to-day drifts in cesium reservoir temperature

and in collector temperature occurred throughout the test duration

The total testing time can be divided into eight periods. The
first period was the 100-hour out-of-pile test, shown in Figure 4.1 to
the left of zero hours of in-pile operation. The second period was the
initial 25 hours of in-pile testing. The third period consisted of a
transient in emitter temperature caused by a reduction in power 1nput
to the emitter. This transient lasted until the 600-hour point, although
it was virtually over by the 300-hour point. The fourth period was a
steady run of about 300 hours at a slightly reduced reactor power level
necessitated by another experiment on the reactor. The fifth period
was a steady run from about the 1400-hour point to about the 2600-hour
point at full reactor power levels. The reactor was shut down for
modifications at about the 2600-hour point. The sixth period was a
fairly steady run after the reactor was restarted until the 6100-hour
point, when a malfunction in the cesium reservoir heater occurred

The seventh period consisted of operation without the cesium reservoir
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Figure 4.1 Performance Summary
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heater and extended from the 6100-hour point to the 7327-hour point.
During the initial part of this period, Dowtherm was used instead of
water as a coolant to achieve the desired cesium reservoir temperature.
This period ended when the cooling lines became clogged with a carbon-
type substance caused by dissociation of the Dowtherm. The eighth test
period was started after the carbon scale was flushed out of the coolant
lines. However, the scale built up again during this period and finally
led to termination of the test after 8125 hours. In the following para-

graphs, each of these test periods is summarized.

Throughout all eight test periods, no performance degradation of
the converter was observed. At periodic intervals the cesium tempera-

ture, collector temperature, and power input were reset at reference

levels corresponding to a data point taken during the first 25 hours. These

points are shown in Figure 4. 2 at the 25-hour, 1711-hour, 2615-hour,
3110-hour, 4300-hour, 7000-hour, and 7890-hour points. These points
are shown in relation to a sweep curve taken during the initial out- of-
pile tests. During the first 2615 hours, the reference points were

taken at very closely set cesium reservoir and collector temperatures.
As mentioned in the following discussion, a shift in the cesium reservoir
thermocouples occurred during the shutdown after the 2615-hour point.
Therefore, the indicated cesium reservoir temperatures shown for
subsequent points are somewhat higher. However, no significant dif-
ference is believed to exist in the actual cesium reservoir temperature
for any of the points shown in Figure 4.1 at less than 5000 hours. At
about the 6150-hour point, one of the cesium reservoir thermocouples
failed completely. For the last two points (7000 and 7890) it was impos-

sible to get the cesium reservoir temperature lower than those values
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Figure 4.2 Comparison of I-V Sweep Data at Controlled Reference
Points During Out-of-Pile and In-Pile Operation.
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shown in Figure 4.1. Despite these difficulties, remarkably close
agreement was observed over a wide range of the I-V curve throughout
the 8125 hours of testing. A summary of the operating characteristics

of the converter over its test history is shown in Table 4. 1.

B. DETAILED DESCRIPTION OF TEST PERIODS

1. Out-of-Pile Test Period

The converter was operating out-of-pile for approximately
100 hours at a variety of test conditions. Over 90 percent of the
operating time was at output power levels about 8 w/crn2 (electrode
power density). In Table 4.2, a typical operating point during these
tests is described. No evidence of performance degradation was
observed between the beginning and end of the test period. In addition
to steady-state operating data, parametric sweep data were obtained

as shown in Figure 4. 2.

Heat transfer measurements were made on the cesium reservoir
straps and the heat choke fins. The thermal resistance of the straps
was determined by measuring the cesium reservoir temperature as a
function of power input to the cesium reservoir heater. Since gamma
heating of the reservoir and the straps occurs during in-pile operation,
this resistance was critical to the achievement of reservoir temperature
control in-pile. Since the heat choke fins represent a fixed thermal
resistance through which the heat rejected from the collector must flow,
the temperature drop across the fins can be used as a thermal power
indicator. Therefore, the relationship between power input and this
temperature difference was determined for SD-4 during the out-of-pile
tests. These data provided input and efficiency measurements during

in-pile operation.
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TABLE 4.1
SUMMARY OF SD-4 OPERATING CHARACTERISTICS

Out -of -Pile:
Test Time, hours 100
Average Electrode Power Density W/cmz 8.0
Average Overall Efficiency, * % 13.1
Average Estimated Emitter Temperature, °C 1600
Diode Characteristics Stable
In-Pile:
Test Time, hours 8125
Average Electrode Power Density, W_/'crn2 7.8
Average Overall Efficiency, T % 13.7
Average Estimated Emitter Temperature, °C 1575
Diode Characteristics Stable
Fuel Characteristics
Power Density, W/cm3 324
Equivalent Lifetime of Solid 0.9" Fuel Rod,
hours 26,700
Average Burnup, fis s/cm3 3. 1Lx] O20
Maximum Burnup, fiss/cm 7.3x1 O20
Average Burnup, U2 5atorn %o 1.7
Maximum Burnup, U2 Satom % 4.0
Total Number of Cycles ~80

Power output at the terminals divided by total electrical power input
(bombardment plus filament power).

! Power output at the electrodes divided by the total nuclear power
input to the emitter as estimated by calorimetry.
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TABLE 4.2

TYPICAL OPERATING CONDITIONS FOR SD -4
DURING OUT-OF -PILE TESTS

Typical Operating Time (hours) 100
Filament Power, watts 141
Bombardment Power, watts 705
Total Power Input, watts ' 846
Estimated Average Emitter Temperature, °C 1600
(% Average Collector Temperature, °C 650 %
g Cesium Reservoir Temperature, °C 298 E
’(é))_‘ £ Output Current, amps 168 %
E Voltage Drop iz Emitter Lead, volts 0.101 g_}
U Output Voltage (At Diode Output Terminals), volts 0. 680 o
Output Power (At Diode Output Terminals), watts 114
Output Power Demnsity (At Diode Output Terminals),
watts/cm 7.60
Output Power Density (At Diode Electrodes), wa.t’cs/crn2 8.75

Overall Efficiency (Electrical Power at Terminals with no
Heater Cavity Correction), % 13.5

Net Efficiency (Electrical Power at Terminals with a
60-watt Heater Cavity Correction), % 14.5

Net Design Efficiency (Electrical Power at Electrodes
with a 70-watt Heater Cavity Correction), % 16.7
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2. Initial In-Pile Test Period

During the first 25 hours of operation, the performance of the
diode was steady and closely duplicated the performance observed
in the 100-hour out-of-pile test. At periodic intervals during the in-
pile test, diode current-voltage characteristics were determined by
sweeping around the static operating point. In Figure 4.2, an in-pile
I-V characteristic taken during this period is compared to one of the
out-of-pile characteristics. The out-of-pile I-V curve corresponds
to a measured cesium reservoir temperature of 290°C, a measur-ed

collector temperature of 670°C, and an estimated emitter temperature

of 1575°C. The in-pile points (circles) correspond to a measured cesium

reservoir temperature of 290°C - 305°C, a measured collector tem-
perature of 682°C, and an estimated emitter temperature of 1575°C.
The two measured cesium reservoir tempera'tures correspond to

two different thermocouples attached to the cesium reservoir. The
difference between the readings is attributed to the method of thermo-
couple attachment. In Table 4.3, the performance is described in
more detail and compared to two subsequent operating periods. The
excellent agreement between the in-pile and out-of-pile I-V character-
istics strongly re-enforces the validity of the emitter temperature
estimates. The agreement also indicates that the in-pile performance

of diode SD-4 was virtually identical to its out-of-pile performance.

3. Third Period

After the first 25 hours of steady operation, a drop-off in power
output was observed at a fixed reactor power level. The reduction in

power output was accompanied by a corresponding reduction in optimum
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TABLE 4.3
SUMMARY OF SD-4 REPRODUCIBILITY TESTS

Accumulated In-Pile Test Time, hours 25 1711 2614

Reactor Power Level, megawatts 2.0 2.0 2.0

Estimated Average Emitter, \
Temperature, °C 1575 1575 1575 |

Average Collector Temperature, °C 680 685 682

Average Cesium Reservoir

Temperature, °C* 298 299 298
Output Current, amps 150 148 149
Voltage Drop in Emitter Lead, volts 0. 09 0. 09 0. 09

Qutput Voltage (At Diode Output
Terminals), volts 0.70 0.70 0.70

AAIAISSYTIONN
8¥
AAIAISSYTONN

Output Power Density (At Diode Output

Terminals), w/cm 7.00 6.92 6.96
Output Power Density (At Diode Electrodes),

w/cm? 7.90 7.80 7.85
Estimated Input Power, watts 780 770 760
Overall Efficiency, | % 13.4 13.4 13.7

X

This temperature is the average of the two thermocouples on the cesium reservoir.

,’_
- Power output at the terminals divided by the total nuclear heat generated in the fuel.

e
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cesium reservoir and collector temperatures and by a shift of the
diode ignition voltage to lower levels. The emitter temperature was
obviously going down. The reduction in emitter temperature continued
for about 75 hours and then started to recover. After 300 hours of
in-pile operation, the diode output had recovered to within about 85%
of its initial level. After 600 hours, the recovery in emitter tempera-

ture and output was essentially complete.

It is apparent that some heat loss mechanism existed during this
period which prevented the emitter from receiving its "normal”
fraction of the heat generated in the fuel. The "normal"” fraction is
defined here as that fraction which it received prior to and after the
reduced emitter temperature test period. This normal fraction is
about 98%, the 2% loss being caused by thermal radiation out of the
cavity. Of course, of the heat reaching the emitter, a significant
fraction is conducted and radiated from the emitter support sleeve.
One possible mechanism for the additional heat loss could have been
conduction from the fueled-emitter and its support sleeve through gases
present in the cavity. Although accurate analytical predictions of such
heat losses in the cavity would be extremely complicated, approximate
calculations indicate that heat losses of a few hundred watts might

occur if air or nitrogen were present at tens of millimeters of pressure.

A likely source of gas could have been the outgassing of the
nickel plug which was used to close the gun cavity after out-of-pile
operation was completed. Since the nickel closure plug was not
exposed to the diode interior, it was not thoroughly outgassed at a

temperature above its expected operating level. When the diode began
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operation in-pile, gamma heating plus conduction from the emitter

sleeve raised the temperature of the nickel to an estimated 800°C.
Extensive outgassing undoubtedly occurred, causing the pressure in

the sealed cavity to rise substantially. This gas could have been removed
eventually from the cavity by the "gettering” action of the emitter support
ring, which is made of well-outgassed molybdenum. Removal of the

gas could have corresponded to the recovery in emitter temperature.

The gas might have been due to another source, communication
between the cavity and the environment surrounding the diode. If
a leak developed in the closure plug weld or in one of its brazes, gas
could have entered the cavity from the capsule tube region. This
possibility is enhanced by the fact that the pressure in the tube increased
rapidly at the beginning of the in-pile operation and recovered rapidly
after about 300 hours of operation, The initial surge in pressure was
due to outgassing of the sheathed heater leads and other components in
the tube, and the recovery in pressure resulted from the pumping
action of the zirconium getter located at the bottom of the tube. The
pressure gauge in the tube had a full scale reading of 25 microns.
Within 25 hours, the needle on the pressure gauge went off-scale and
did not come back on-scale until the 300-hour point. The close
correspondence of this pressure transient with the emitter temperature

transient suggests that they may have been related.

Regardless of the cause, there is no doubt that the temporary
reduction in output power was due to a reduction in emitter temperature.
If the diode had undergone degradation of emitter surface properties,
the optimum cesium temperature would have increased rather than

decreased. Furthermore, the complete recovery of the output and
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all other diode temperature parameters essentially eliminates any
effect other than a transient emitter heat loss. As additional confirma-
tion, a test was performed during this period to show that the full
output could be recovered by increasing the emitter temperature.
This was accomplished by operating at a static point corresponding
to terminal output voltage of 0.8 volt instead of 0.7 volt. The I-V
sweep curves obtained at each condition are shown in Figure 4. 3.

The difference in the average current between the sweep curves is

18 amps, which corresponds to a difference in electron cooling of
about 50 watts. Based on out-of-pile parametric results, this 50-
watt difference corresponds to a difference in emitter temperature of
about 35°C. The electrode power density for curve "A" at a terminal
output voltage of 0.7 is 7.9 w/cmz, instead of 7.0 W/crn2 for curve
"B"., The'7.9 w/cm2 is equal to the power density obtained under
static conditions prior to and after the emitter temperature transient.
Thus, by increasing the emitter temperature by 35°C, full output

power density was recovered.

4, Fourth Period

As mentioned previously, the diode output had completely
recovered by about the 600-hour point. The power input and power
output remained essentially constant for about the next 200 hours.

At the 760-hour point, the reactor power level was reduced to accom-
modate another experiment in the reactor. This reduced reactor
power level was maintained until the 1400-hour point, when the other
experiment was withdrawn from the reactor. The reduced reactor

power resulted in a reduction in diode input power of about 30 watts
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and a corresponding reduction in diode output power of about 9 watts.
The diode output power density at the electrodes averaged about

Tud W/cm2 during this period.

5. Fifth Period

After the reactor power was restored to its normal level, a
constant power test period of over 1200 hours was accomplished. The
average electrode power density during this time was about 8 w/cmz,,
and the overall efficiency varied from about 13. 5% to 14%. The diode
characteristics remained very constant except for a slight improvement
in overall efficiency with increasing time. At the 2615-hour test
point, the diode was removed from the reactor to permit modifications

to be made to the reactor.

At about the 1700- and 2600-hour points, experiments were per-
formed to examine the diode characteristics very carefully for traces
of degradation. At each point, the cesium reservoir temperature, the
collector temperature, and the power input were set at the same levels
as existed at the 25-hour point. Both static and sweep data were taken
at each point. The results c;f the static experiments are summarized
in Table 4.3. The reproducibility of the three points is quite remark-
able, the only noticeable change being a slight improvement in overall
efficiency. Since there is some uncertainty in the determination of

input power, this improvement is probably not significant.

6. Sixth Period

When the reactor was restarted at the 2615-hour point after the

three-month shutdown, the diode returned to its former performance
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level. Since the reactor fuel elements had been reshuffled, some
uncertainties existed in neutron and gamma flux levels and distribu-
tions. A period of several days was required to re-establish equilibrium.
After stable operation was restored, at about the 2800-hour point, the
diode output and input were slightly higher. The only significant change
in conditions was a 12°C increase in the optimum indicated cesium
reservoir temperature. Since the cesium reservoir thermocouples

are only mechanically attached, their position could have been shifted

by handling of the capsule during the reactor modifications. Consequently,
it is not certain that a 12°C change in actual cesium reservoir temperature
did occur. As is evident in Figure 4.1, the collector temperature also
increased by about 20°C. In Figure 4.2, the data points taken from
sweep measurements at 3110 hours and 4300 hours are shown with
previous results. The striking reproducibility of all the data points
strongly suggests that no significant changes in diode operating condi-
tions or performance have occurred. This stable operation continued

until the cesium reservoir heater failed at the 6100-hour point.

7. Seventh Period

After remote attempts to repair the cesium reservoir heater
were unsuccessful, the water coolant surrounding the collector was
replaced with Dowtherm "A", an organic liquid capable of higher
operating temperatures. Since the cesium reservoir is connected to
the cooling jacket through two copper straps, the increased tempera-
ture -of the cooling jacket resulted in higher cesium reservoir tem-
peratures. Control of the cesium reservoir temperature was

achieved by varying the flow rate and inlet temperature of the Dowtherm.
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Operation of the diode for the seventh test period was resumed using
this control technique, which proved quite adequate. However, during
startup and early operation of the seventh period, the collector thermo-
couples indicated absurdly low temperatures. After about twenty hours,
the indicated temperatures increased but still were about 60°C lower
than the previous data. Since the reactor power level and core position
were unchanged, it is assumed that the difference was caused by move-
ment of the thermocouples within the test capsule. This movement
could have been caused by the higher pressures within the coolant
tubes, resulting from the higher pressure drops necessary with
Dowtherm as compared with water. Since the input power measurements
are based upon the measured temperature differences between the
collector and the coolant jacket, no input power or efficiency estimates

were made beyond the 6103-hour point.

During the first few hundred hours of the seventh test period,
an increase was noted in the thermal impedance between the coolant
and the cesium reservoir. To offset this increase, the Dowtherm
flow rate was increased, thus lowering the coolant jacket temperature,
and thereby the cesium reservoir temperature. At about the 6360-hour
point, the impedance had increased enough to permit water to be used
instead of Dowtherm as the coolant. Accordingly, the Dowtherm was
flushed out of the lines and replaced by water, and operation was
continued until the 7327-hour point. During the last few hundred
hours, the pressure drop in the water coolant system increased appre-
ciably. Eventually, the pressure drop caused too great a reduction in
flow rate to permit safe operation. Therefore, testing was stopped

to examine the condition of the coolant lines and system. A carbon-type
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scale was found in the water coolant, which was causing clogging of
the flow passages. Apparently, this scale was created by radiation
damage to the residual Dowtherm left in the system after it was
flushed with water. Several attempts were made to remove this
scale. Reverse flushing with water and soaking and flushing with
acetone were performed alternately for several weeks. Finally
enough scale was removed to allow the original flow rate to be
restored, and operation of the converter was resumed. Except

for the problems with the flow rate and the collector thermocouples,
the performance of the diode was quite stable throughout the seventh
test period. The electrode power density averaged about 8 watts/cng
with fluctuations of + 1 Watt/cmz. These fluctuations were caused

by day-to-day changes in reactor power level and in cesium reservoir

temperature.

8. Eighth Test Period

The eighth and final test period ran from the 7327-hour point
to the 8125-hour point. Dowtherm was used initially as the coolant,
and control of cesium pressure was achieved by varying the Dowtherm
flow rate. As before, fouling of the coolant jacket surface gradually
occurred due to decomposition of the Dowtherm. Eventually this
fouling caused a very high pressure drop and consequent reduction in
flow rate. At about the 7890-hour point, the Dowtherm was replaced
by water to reduce the coolant jacket temperature, and thereby the
cesium reservoir temperature. This permitted an additional 235 hours
of testing before the clogging became too great to keep the cesium

reservoir temperature down to acceptable levels. After further
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attempts to unclog the coolant passages were unsuccessful, the

diode was removed from the reactor for hot cell examination. As

can be seen in Figure 4. 1, the performance of the diode was normal
throughout this test period. During the last 65 hours the clogging
caused the cesium temperature to be well above its normal level, and
therefore caused a slight reduction (~15%) in the converter output.
However, the reduction was about that expected for such off- optimum

cesium reservoir conditions.
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CHAPTER 5
HOT CELL EXAMINATION SUMMARY
A. INTRODUCTION

This section summarizes briefly the results of the hot cell examina-
tion which was conducted by BMI following the 8125 hours of in-pile

operation. The complete BMI report covering this portion of the work is

included in Appendix B.

B. SUMMARY OF FINDINGS

The findings of the hot cell examination are summarized as

follows.

1. Fission Gas Release

Gas sampling of the sealed vacuum capsule in which the diode
had been irradiated showed the presence of fission gas in the capsule.
The sampling was performed utilizing a Toepler pump to transfer
the gas from the capsule to an evacuated collection system of known
volume. Samples were then removed from the collection system and
analyzed by mass spectroscopy for total krypton and xenon. The
amount of krypton and xenon released (6.7 cm3) was approximately

80% of the amount formed during irradiation, as calculated from

burnup obtained by isotopic analysis.

2. Dimensional Stability

The diode was disassembled and the emitter neutron radio-
graphed and dimensioned by micrometer. The fueled area of the

emitter had experienced a slight amount (2. 7 percent average on the
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external diameter) of swelling. This is approximately 0. 006 to . 007
inch of radial expansion, or about one half the initial interelectrode
spacing. The swelling was greatest, about 3%, at the bottom of the
emitter and least, about 1.7%, at the top of the emitter adjacent to

the sleeve or electrode lead.

3. Fueled Emitter Examination

Figures 5.1 and 5. 2 show the condition of the irradiated fuel
from SD-4 versus the unirradiated fuel from SD-2 which was operated
2500 hours with electrical heat. As can be seen, the irradiated fuel
particles have more porosity and larger cracks than do the unirradiated
particles. Figures 5.3 and 5.4 show composites of an axial section and
a radial section of the fuel and emitter with higher magnifications of

selected areas.

Figure 5.3 shows deposition of the UO_ at the top of the inner

2
tungsten fuel liner, which was severely cracked over its x;vhole length.
This deposition also occurred at the bottom of the liner. These cracks,
plus a leak which developed in the gas s\ampling tube at the top of the
emitter cavity, allowed the fission gas to escape from the fuel to the
in-pile capsule. The liner did, however, effectively prevent excessive

fuel loss by vaporization. Figure 5.4 shows an axial cross-section of

the fueled emitter.

Figure 5.5 is a highly magnified view of the void area in
Figure 5. 4. It shows that the UO2 in this area has taken on a columnar
grain structure. It is thought that most of the redistributed UO2 at

the ends came from areas such'as this. The reason for the nucleation
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SD-2: Unirradiated

Figure 5.1 Microstructures of Fuel in Irradiated SD-4 and Unirradiated

SD-2 Diodes.
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SD-2: Unirradiated

Figure 5.2 Microstructures of Fuel in Irradiated SD-4 and
Unirradiated SD-2 Diodes.
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Figure 5.3 Composite Photographs of Longitudinal Section
Through Top Half of Emitter.
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Figure 5.4 Composite Photographs of Transverse Section

near Axial Center of Emitter.
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Figure 5.5 Apparent Hot Spot in Fuel Near Inner
Clad-Core Interface.
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of these localized apparent high temperature areas has not been
established. The white inclusions in this zone were found by auto-

radiography not to be a fission product alloy.

Figure 5.6 shows the microstructure of the rhenium emitter
in several areas. In general, the grains at the emitting surface were
much larger than the grains in the interior of the clad and at the clad-fuel
interface. Also, the grain size in the interior of the clad and at the
clad-fuel interface is much larger in the fueled area of the emitter
than in the unfueled area. The grain size at the emitting surface,
however, does not appear significantly different in the fueled area of
the emitter than in the unfueled area. Machining of the rhenium
resulted in cold-working the outer surface layer of metal, which pro-
vided a driving force for recrystallization and grain growth on the
whole surface during a subsequent high temperature anneal to stabilize
the surface treatment. Grain growth to a lesser extent occurred in the
unworked interior rhenium opposite the fuel. Little or no grain

growth occurred in the unworked interior rhenium in the unfueled area

of the emitter.

4, Diode Structure Examination
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